The effect of genetic hitchhiking on neutral variation is analyzed in subdivided populations with differentiated demes. After fixation of a favorable mutation, the consequences on particular subpopulations can be radically different. In the subpopulation where the mutation first appeared by mutation, variation at linked neutral loci is expected to be reduced, as predicted by the classical theory. However, the effect in the other subpopulations, where the mutation is introduced by migration, can be the opposite. This effect depends on the level of genetic differentiation of the subpopulations, the selective advantage of the mutation, the recombination frequency, and the population size, as stated by analytical derivations and computer simulations. The characteristic outcomes of the effect are three. First, the genomic region of reduced variation around the selected locus is smaller than that predicted in a panmictic population. Second, for more distant neutral loci, the amount of variation increases over the level they had before the hitchhiking event. Third, for these loci, the spectrum of gene frequencies is dominated by an excess of alleles at intermediate frequencies when compared with the neutral theory. At these loci, hitchhiking works like a system that takes variation from the between-subpopulation component and introduces it into the subpopulations. The mechanism can also operate in other systems in which the genetic variation is distributed in clusters with limited exchange of variation, such as chromosome arrangements or genomic regions closely linked to targets of balancing selection.
I
T is generally accepted that the spread of an advantamore appropriately described as an arrangement of partially differentiated subpopulations. Here we show that geous mutation reduces the genetic variation at linked neutral loci: the mutation drags linked alleles in the effect of a selective sweep on the neutral variation of a subdivided population can be very different from its way to fixation, and most of the original variation is eliminated. The magnitude of the effect depends on that predicted by the previous theory. Under particular combinations of recombination frequency, selective valthe recombination rate and the selective value of the mutation (Maynard-Smith and Haigh 1974; Wiehe ues, and population subdivision, the genetic variability and Stephan 1993). After this selective sweep, most of increases at loci linked with the selected gene. At these the neutral alleles at closely linked loci are lost and, loci, an excess of genes at intermediate frequencies is afterward, the neutral variation is recovered very slowly expected. by mutation. During this time, the spectrum of gene frequencies is dominated by rare alleles until, if there is enough time without any other "disturbance," a new THE BASIC THEORY mutation-drift balance is reached. These predictions We assume a model of two subpopulations with 2N have been widely used to discriminate between selective monoecious haploid individuals each, which is equivasweep and other selective models. Particularly, the backlent to N diploid individuals. The number of individuals ground selection model (Charlesworth et al. 1993) is constant over discrete generations and there are no predicts a reduction of variability with a distribution of extinction-recolonization events. Every generation, a progene frequencies following a nearly neutral spectrum, portion m of individuals migrates from each subpopulaand balancing selection models predict an increase in tion to the other one and there is a random association neutral variation that is represented by genes at intermeof individuals within subpopulations to accomplish sexdiate frequencies. However, most of the previous theory ual reproduction; i.e., pairs of random individuals are of hitchhiking considers only the effect on a single pantemporarily combined in different meiosis to generate mictic population. Natural populations, in general, are individuals of the next generation. We also consider a neutral locus for which mutation follows an infinite-allele model, so that every mutation creates a new allele not 1951) between gene copies at the neutral locus within within the subset of chromosomes carrying copies of a. Obviously, p 0 ϭ 1 and its value decreases due to subpopulations. The value of this correlation can be recombination until a is fixed in the subpopulation at given as generation f. At this generation, a proportion p f of the copies at the neutral locus will be replicates of the origi-F ST ϭ 2 Ϫ 3 1 Ϫ 3 nal neutral copy c. As the mutation rate at the neutral locus is too small (Cockerham 1969 (Cockerham , 1973 , where 2 is the average probato affect variability when the selected gene is segregatbility of identity by descent for pairs of genes sampled ing, the identity by descent at the neutral locus after within subpopulations and 3 is the probability of identhe hitchhiking process in the first subpopulation can be tity by descent for pairs of genes sampled from different approximated in the following way. Two genes randomly subpopulations, respectively. The term 1 , normally used taken from the subpopulation have a probability p 2 f of to indicate the genetic identity within individuals, has being identical copies of c. Accordingly, the probability no meaning here as individuals are haploid.
of one copy of c and one copy of another ancestral gene Because mutation generates new alleles, identity by at generation 0 is 2p f (1 Ϫ p f ), the expected identity descent and identity by state are equivalent. The exbetween these copies being that before the selective pected heterozygosities within subpopulations (H s ) and sweep ( 2 ). Finally, the probability of none of the two for the whole population (H t ) can be expressed as funccopies coming from c is (
, the probability of tions of the probabilities of identity, identity of these copies (x) being larger than the initial identity 2 because of the drift process during the selec-H s ϭ 1 Ϫ 2 , tive sweep. Averaging over the three values, the expected identity in the first population after the selective sweep
A single copy of a favorable allele a occurs by mutation
). at a linked locus in one of the two subpopulations. We If the subpopulation is large and the proportion (1 Ϫ refer to this subpopulation as the "first subpopulation." p f ) is not small, then genetic drift will not increase in a At this moment, neutral variation is not necessarily at significant way the original 2 value within the set of mutation-migration-drift balance. The selective coeffichromosomes that do not carry c. Therefore, x will be cient of the new mutation is s and the recombination close to 2 . In contrast, if (1 Ϫ p f ) is small the x value frequency between the selected and the neutral locus will be larger than the original 2 , but the third term is r. With time, the mutation will be lost or fixed in the of the equation will be negligible. Therefore, a simplififirst subpopulation. As we are interested in studying the cation can be obtained by substituting the third term effect of hitchhiking on variation, only the populations
) and, after rearrangement, in which the mutation is fixed are considered. Eventually, the favorable mutation is passed by migration to
. the other subpopulation (the "second subpopulation") and fixed in both subpopulations. Now, the prediction is extended to the second subThe effect of fixation of a favorable mutation on existpopulation. Here we assume that one single copy of the ing heterozygosity at a neutral linked locus in a single favorable mutation is transferred from the first to the population is given by Equation 19 of Stephan et al.
second subpopulation. In the following generations, se-(1992). If the migration rate is not too large, this equalection increases the frequency of the neutral copy c tion is also applicable to predict the heterozygosity in coming from the first subpopulation. As the mutation the first subpopulation after fixation. This is because goes to fixation, recombination tends to remove the most of the small amounts of variability introduced from association with this neutral copy, and the expected the second to the first subpopulation when the mutation values of p f and p 2 f are the same as in the first subpopgoes to fixation will be swept by the hitchhiking effect ulation. Two genes randomly taken from the second if r is small. Although this article deals with the effect subpopulation have a probability p 2 f of being identical of hitchhiking on the whole population and, particucopies of c. The probability of one copy of c and one larly, on the second subpopulation, we initially consider copy of another ancestral gene at generation 0 is 2 p f the effect of the selective sweep on heterozygosity in
(1 Ϫ p f ), the expected identity between these copies the first subpopulation.
being the identity between subpopulations before the Let c be the neutral copy originally associated with a selective sweep ( 3 ). Finally, the probability of none of when this first appears by mutation as a single copy. Let the two copies coming from c is (1 Ϫ p f ) 2 and the probaq i be the frequency of allele a in the first subpopulation bility of identity of these copies is 2 . Averaging these i generations after mutation (i.e., q 0 ϭ 1/2N) and p i be three identities we obtain the expected identity after fixation in the second subpopulation, the proportion of chromosomes carrying copies of c 
Substituting these values in the equations above, predictions for E(Ј 2 ), E(″ 2 ), and E(Ј 3 ) can be made for any
combination on N, r, and s. As the third term in the right-hand side of the equation is negative, for some combinations of E(p f ), E(p 2 f ), 2 , and ANALYSIS OF EXPRESSIONS 3 , it is possible for the identity by descent to decrease in the second subpopulation after the selective sweep.
Predictions of variability in the second subpopulation In general this is expected when are quite different depending on the structure of the population ( Figure 1 ). In a single panmictic population
.
(we could say that the population is equivalent to a set of subpopulations with a high migration rate and, Finally, after the selective sweep, the expected value therefore, F ST ϭ 0), hitchhiking will reduce the variabilof the identity Ј 3 of two genes, one from the first subpopity at linked neutral loci. The reduction will be large in ulation and the other from the second subpopulation, a chromosome region closely linked to the selected gene is the average of the probabilities of sampling the second (for r/s ϭ 0.05 the variability is halved; see Figure 1 ). subpopulation from the area p f or the area (1 Ϫ p f ), This is also the expectation for the first subpopulation
Otto and Barton (1997, Equation 17 ) and Barton (1998, Equation 4) give approximations for E(p f ) and E(p 2 f ), which are, respectively, the expected change in allele frequency of the neutral allele initially linked to the beneficial mutation and the probability of coalescence with the original neutral allele linked to the beneficial mutation in the first generation. The approximation for E(p 2 f ) clearly underestimates the true value and turns out to be too close to E(p f ) 2 (see Table 1 ). This is probably because the only source of variance considered was the variation in times to fixation of the favorable allele. In the appendix we develop simple alternative predictions for E(p f ) and E(p 2 f ), considering the effect of drift and using a combination of deterministic and diffusion approaches. E(p f ) has a weak depen- r is the recombination frequency and s is the selection coefficient of the mutation) and F ST (the level of differentiation).
Labels on level lines represent the proportion of the original variability maintained after hitchhiking. tions). Thereafter, a single copy of a favorable mutation was assigned to a chromosome of an individual randomly taken from the first subpopulation. The frein our model for any value of F ST . However, the effect on the second subpopulation can be very different when quency of the new mutation increased until it was fixed in the first subpopulation (simulations in which the F ST Ͼ 0. The genome region affected by the decline of variability is narrowed around the selected gene; i.e., the favorable mutation was lost were discarded). As individuals migrated between subpopulations, copies of the larger the magnitude of the genetic divergence between subpopulations, the smaller the region of reduced varifavorable mutation were eventually transferred and fixed in the second subpopulation too. Then, a number ability. Additionally, if the divergence of the subpopulations is large, the genetic variability in the second subof parameters were computed for neutral loci at different distances from the selected gene: heterozygosity, F ST population could even increase over the previous level before the hitchhiking. This increase affects a region values, and the distribution of the spectrum of variability in both subpopulations. At the end, 5000 simulations in the vicinity of the selected gene but not very close. Figure 2 shows the effect of a selective sweep on the were carried out for each particular combination of values of population size, selection coefficient, recombivariability of both subpopulations for neutral genes at different distances from the selected gene. As the effect nation, and migration rates. Figure 2 represents an example of the agreement between the observed heterozyon the first subpopulation is equivalent to the effect on a single panmictic population, the comparison of the gosities in both subpopulations after hitchhiking and the predictions of the model. predictions for both subpopulations reveals the great difference between the predictions for a single or a Figures 3 and 4 show simulation results of the contributions of neutral loci at different frequencies to the subdivided population. The genetic variability for neutral loci increases as the genetic distance decreases and, variation of the first and second subpopulations, respectively. Before the selective sweep (broken line), the disonly for loci closely linked with the selected gene, the genetic variability drops below the original level.
tribution of neutral variability is nearly uniform over the whole span of allele frequencies. There are few loci with alleles at intermediate frequencies, but they SIMULATIONS contribute as much variation as the large number of loci with alleles at low frequencies. In other words, if Predictions were checked by Monte Carlo simulations. A population with two random-mating subpopulathe range of allele frequencies from 0 to 1 were split into equal segments of allele frequencies and loci were tions of 1000 haploid individuals each was reproduced under constant rates of migration and neutral mutation. assigned to segments according to their frequencies, all the segments would contribute nearly the same to the The neutral loci were distributed over a genome represented by one single chromosome. After 10 5 generations variation. This is the expectation of the neutral model (see Gale 1990, Chap. 9). There is a deviation from it was considered that the neutral loci were practically the uniform distribution due to migration, but this deviation is relatively small when compared with the effect of hitchhiking. After the selective sweep, the distribuof D at the 5% level (critical values from Table 2 
of tion of variability of neutral loci is very different in both
Tajima 1989), about half of them over the upper limit subpopulations. The effect in the first subpopulation of confidence and half below the lower one. This means (Figure 3 ) is equivalent to that expected in a single that, although the populations were run for enough panmictic subpopulation; i.e., there is a decrease in hettime to reach the neutral equilibrium, genetic drift and erozygosity for neutral linked loci and this reduction population structure cause deviations from the expectafollows a characteristic pattern: neutral genes at intertion of Tajima's model, increasing the proportion of mediate frequencies contribute to variation less than replicates with D values falling out of the limits of confiexpected in a neutral model, and genes at extreme dence. frequencies contribute proportionally more than exAs expected after hitchhiking in the first subpopulapected (see Figure 3 ). This effect is larger as linkage tion, the number of samples with significant D values with the selected gene gets closer. Tajima's (1989) D below the confidence limit increased for close linkage and other statistics were designed to detect this distor-(say r/s Ͻ 0.1), but the average D value was always tion of the spectrum of gene frequencies.
over the lower limit of confidence (see Figure 5 ). The The effect on the second subpopulation is quite difincrease of variation in the second subpopulation when ferent (Figure 4 ). For the chromosome region with the linkage was not very tight was associated with an increase largest increase in genetic variance after hitchhiking in the number of significant D values over the confi-(r ϭ 0.05 for the combination of parameters given in dence limit. For the combination of parameters given Figure 2 ), there is a maximum contribution of genes at in Figure 5 , the increase in the average value of D affrequencies ‫5.0ف‬ and the set of genes at low frequencies fected a broad region around the selected gene. contributes less to variation (see Figure 4) . As the neutral gene becomes closer to the selected gene, the maxi-DISCUSSION mum contribution moves from 0.5 to lower frequencies. For a wide range of recombination frequencies, the maxiThe fundamental conclusion of our analysis is that mum contribution corresponds to neither intermediate hitchhiking in a subdivided population can lead to an nor low frequencies, but to frequencies ‫.52.0ف‬ increase in neutral variation at particular subpopulaTo assess the effect of this peculiar distortion of the tions. Although we have considered a simple model with spectrum of gene frequencies on the capability of Tajitwo subpopulations, this conclusion can be extended ma's D to detect hitchhiking, 5000 simulations were to models with any number of differentiated subpopulacarried out in the same way as before. On each simula-
tions. An excess of neutral loci with alleles at intermedition, D was computed from samples of 1000 individuals ate frequencies accompanies the increase in variation. from each subpopulation for chromosome segments at These predictions are made for chromosome segments, different distances from the selected gene. Before the which are expected to have reduced variability under the simple hitchhiking model. A reduction in genetic hitchhiking, 11% of the samples gave significant values variance is expected only for a narrow section of chroIn our model, hitchhiking behaves like a system that takes variation from the between-subpopulation compomosome around the selected gene. The larger the F ST value between subpopulations is before hitchhiking, the nent and injects it into the within-subpopulation one. Thus, F ST is expected to be reduced after hitchhiking smaller the section with decreased variability is for subpopulations other than that where the favorable allele and all our simulations confirm this statement. For example, in a simulation of 5000 replicates, F ST drops from first appeared by mutation. The effect can be seen as a consequence of the increase in the rate of effective 0.90 to 0.18 when r ϭ 0.001, m ϭ 0.00001, s ϭ 0.5, ϭ 0.0000112, and 2N ϭ 1000 individuals in each migration: the selected gene enforces the "migration of linked haplotypes" between differentiated subpopulasubpopulation. These observations seem to be in contradiction with Slatkin and Wiehe's (1998) prediction of tions, causing increases in diversity under very low migration rates.
an increase of F ST after hitchhiking. The disagreement is a consequence of the differences in the initial assumpTo formulate predictions, we have derived approximations for the expected value of p f , which is the fretions of both models. In our model, particular migration and mutation rates are responsible for both the differenquency after hitchhiking of copies derived from the original copy associated with the favorable mutation, tiation between subpopulations before hitchhiking and the transfer of the favorable allele from one subpopulaand for E(p 2 f ). Although E(p 2 f ) is not conceptually equal to the identity generated by the hitchhiking process tion to another. In Slatkin and Wiehe's model, there is neither mutation nor drift, and all subpopulations have (because p f 2 does not include genetic drift within the set of neutral copies different from c), their values are the same allele frequencies before hitchhiking (F ST ϭ 0). Their only parameter for migration is that one single very close and the equation for E(p 2 f ) has a similar form to the equation for identity of Barton (1998, Equation copy of the favorable allele is passed from subpopulation to subpopulation. Therefore, any random process (in-13). The reason is that almost all the identity generated by the selective sweep is due to the increase in frequency cluding hitchhiking) will certainly produce an increase in F ST . Another difference is the way of computation of of the allele originally associated with the selected mutation.
the expected F ST values in both models. Slatkin and Wiehe compute these expectations as 1 Ϫ (H s /H t ), where the It is difficult to assess the extent to which the effect predicted with our model is responsible for the distribubar represents the unweighted average over replicates. This is equivalent to averaging F ST values weighted by tion of neutral variation in natural populations. Most of the published research finds reduced diversity in chrotheir corresponding H t , the common procedure for averaging estimates of F ST over loci (Reynolds et al. 1983 ; mosome regions with low recombination (Depaulis et al. 1999 (Depaulis et al. , 2000 Langley et al. 2000; Yi and Charlesworth Weir and Cockerham 1984) . In contrast, we obtain the expected value F ST as the unweighted average over 2000; and review by Andolfatto 2001). Although there is a negative correlation between the recombination rate replicates. We think that this averaging method is more appropriate for the design of experiments measuring and the amount of variation contributed by rare alleles in Drosophila melanogaster (Andolfatto and Przeworski hitchhiking, as these deal with a particular genome region and a particular set of subpopulations. Thus, the 2001), the number of publications reporting significant and negative Tajima's D values in regions of low recominterest is focused on the expected distribution of F ST values for a specific region under the effect of hitchhikbination is small in other species. Hamblin and Aquadro (1996) reported high levels of variability in regions ing rather than on estimating an averaged differentiation over the whole genome. of low recombination in D. simulans. Nachman and Crowell (2000) reported differences in the level of Although we have focused on the effect of hitchhiking in subdivided populations, the mechanism can operate variation and the spectrum of gene frequencies between closely linked regions. These results can be explained by on any genetic system where the variation is structured in clusters. For example, the distribution of genetic variour model of local differentiation and selective sweeps affecting the whole population. In other cases there ation in Drosophila is often correlated with chromosome arrangements. Gene flow between karyotypes is are evidences of a recent hitchhiking with reduction of variation, but there are not significant deviations from strongly restricted and the sporadic events of recombination or gene conversion would be equivalent to migrathe spectrum of gene frequencies (Hamblin and Rienzo 2000; Vieira et al. 2001 , Payseur and Nachman tion in our two-subpopulations model. Any favorable mutation would sweep the karyotype where it first ap-2002). These observations can be explained by a combination of local sweeps, which reduce the neutral variabilpeared and, eventually, will be propagated to the other chromosomal types. Here, karyotypes are equivalent to ity, move the spectrum of gene frequencies toward an excess of rare alleles, and increase the differentiation of subpopulations. Hitchhiking could explain the observed differences in the amount of variation of differsubpopulations; and sporadic events of selective sweeps affecting the whole population, which increase the variaent chromosome arrangements and the nonnegative D values could be evidences of recent selective sweeps tion within subpopulations and move the spectrum in the opposite direction.
( computed in the population. After 10,000 simulations p 2 f ) were calculated ( Table 1 ). The accuracy of the predictions is very high. Deviations of the observed values for each particular combination of N, r, and s, the average frequency of the neutral allele (observed p f ) and are ‫%2ف‬ for p f and ‫%5ف‬ for p 2 f ) when s Ͻ 1, above or below the expectation with no general trend. the average value of the squared frequencies (observed
